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1 . (twice amended) A method of making a glass ceramic material suitable for 
optoelectronic applications, said method material comprising: 

a) preparing a glass composition to yield a precursor glass, doped with at least one 
selected optically active ion, for a nanocrystalline glass ceramic doped with at 
least one kind of optioally aotivo ion, the precursor glass having a crystallization 
temperature; 

b) forming the doped precursor glass into a glass cane; 

c) surrounding the glass cane with a chemically inert cladding materia l to thereby 
form a clad glass cane having the doped precursor glass as the core: 

d) forming from the clad glass cane an optical component at a temperature above the 
crystallization temperature of the doped precursor glass; and 

e) heat treating at least a portion of the optical component to develop nanocrystals 
within the doped precursor glass, thereby forming said heat treated portion into a 
glass ceramic material suitable for optoelectronic applications : 

wherein the glass ceramic material suitable for optoelectronic applications material is 
in the form of a clad optical fiber, and 

wherein the glass-ceramic material forms the a core of the optical fiber, the core 
having hm a CTE in the range of 10-90xlO~ 7 /°C, and the cladding having has a CTE in the 
range of 5-70x1 0" 7 /°C 

2. (currently amended) The method in accordance with claim 1, wherein the at least one 
selected optically active ion is selected from the group consisting of transition metal 
ions m e tals and lanthanide metal ions lanthanides, 

3. (currently amended) The method in accordance with claim 2, wherein the transition 
metal ions m e tal s with which the glass-ceramic is doped are selected from the group 
consisting of Ti, V, Cr, Mn, Co, Ni, Cu, and of Fe. 

4. (currently amended) The method in accordance with claim 3, wherein the transition 
metal ions motolD with which the glass-ceramic is doped are selected from the group 
consisting of Cr, Ni, and ef Co. 
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5. (currently amended) The method in accordance with claim 2, wherein the lanthanide 
metal ions lonthnnides with which the glass-ceramic is doped are selected from the 
group consisting of Er„ Tm, Nd, Pr, Yb, Dy, and eg Ho. 

6. (original) The method in accordance with claim I, wherein the nanocrystals are not 
larger than about 50 nm in size. 

7. (previously deleted) 

8. (currently amended) The method in accordance with claim 1 , wherein the optical 
fiber cladding is a silica glass modified by at least one oxide selected from the group 
consisting compos e d of B, Ge, P, Ga, Al, Ta, Ti, and e* Sb oxides, 

9. (currently amended) The method in accordance with claim 8, wherein the optical 
fiber cladding is a silica glass modified by an oxide selected from the group consisting 
of B2O3, Ge0 2 , and P 2 0 5 . 

1 0. (previously deleted) 

1 1 . (previously amended) The method in accordance with claim 1, wherein the glass- 
ceramic core has a CTE in the range of 20-70x 1 0' 7 /°C, and the cladding has a CTE in 
the range of 15-60x1 0>C 

1 2. (currently amended) A method of making a nanocrystalline glass ceramic optical 
fiber having a core that is doped with at least one selected temd-ef optically active ion, 
the method comprising: 

a) forming a precursor glass cane; 

b) creating a cladding material of modified silica; 

c) combining the precursor glass cane into the cladding material; 

d) drawing the combined precursor glass cane and cladding material at a 
temperature above the crystallization temperature of the precursor glass, and below 
the kinetic crystallization temperature of the cladding material; 
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e) heat treating the draw clad fiber under conditions that promote nanocrystal 
formation within the core to form a glass ceramic. 
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13. (original) A method of producing a clad optical fiber, the method comprises melting 
a batch to yield a precursor glass for a nanocrystalline glass-ceramic that is doped 
with a transition metal, forming a glass cane from the precursor glass melt, 
mechanically incorporating the glass cane into a cladding tube, drawing a composite 
glass fiber at a temperature slightly above the liquidus temperature of the drawn 
composite glass fiber, and subsequently heat treating at least a portion of the clad 
glass fiber under conditions to develop nanocrystal s therein. 

14. (original) The method in accordance with claim 1 or 13, which further comprises 
applying to the glass fiber a cladding glass that is sufficiently viscous at the drawing 
temperature to permit it to be drawn at a temperature where the core glass, though 
fluid, and has a sufficiently low vapor pressure to avoid appreciable volatilization. 

15. (original) The method in accordance with claim 1 or 13, which further comprises 
forming the cladding glass by a chemical vapor deposition (CVD) process- 



1 6. (original) The method in accordance with claim 1 or 13, which further comprises 

cladding the glass fiber with a batch adapted to provide a glass consisting essentially 
of silica and at least one modifying oxide, the glass thus provided having a softening 
point of at least about 900 °C. 



17. (original) The method in accordance with claim 16, which further comprises cladding 
the fiber with a glass having a composition consisting essentially of silica and at least 
one oxide selected from the group consisting of B, Ge and P. 



18. - 21 (previously withdrawn from consideration) 
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Rcmarlca 

In view of title above amendments and the following remarks, favorablo 
reconsideration of the outstanding ofRce action is r e sp ectfully requested. 
Claims 1 -6. 8, 9 and 1 1-17 remai n in this application. 
Claincxs 1 - S . 8. 9. and 12 have been amend cd herein. 
Claims T and 1 O ^were canceled in a previous Response. 

Claims 1 8-21 Are hereby canceled, without prejudice, because they are directed to 
a non-e]eoted group of claims. 

1 - Allowed Claimg/Subjoct Matter 

ApplicmntB note with appreciation the Exomincr'8 allowance of* claim 1 3. 

2. § 1X2 Rejectlona 

The Examiner has rejected claims 1 -6, 8-9, 11-12 and 14-17 35 XJ.S.O. § 1 12. second 
paragraph, as being indefinite for fhiling to point out and distinctly claim the invention. 

The Examiner states that the therm "glass ceramic opto electronic material*" is 
indefinite as to it meaning; and alternatively or additionly. the term is mialeadins. Tho 
Examiner states: **the glass— ceramic disclosed is an electrical insulator and thus cannot 
possess any optelectrontc properties as one usually interprets ■•optoelectronic."" ** 
Summarizng the remainder of this rejection, the Examiner continues that the term is not 
properly denned in the application and that dfinition is is the term is not permited during 
prosecution. 

Applicant traverses the rejection . 

£l*4o*e: Applicants traverse is for the purpose of showing the the claimed materials 
can be termed "optoelectronic materials." Mow ever, applicants have also amended the claims 
to state that the claimed materials are ""{glass ceramic materials suitable for optoelectionic 
application**, a phrase that used repeatedly throughout the toxt ] 

^» Tr ave "« e 

First, applicants submit that one slcilled in the art would understand thai the phrase 
"glass ceramic optoelectronic material" means " a material th a t T-* 8 * suitable f<>F optoelectronic 
applications** as is set forth in the specification at page 4. lines 21-24,, page 5. lines 28; and 
page *7, lines 6-26. and particularly lines 13-14 and 23-26. It does not moa n a m ater ial th at is 
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electrically conductive as applicants understand the Examiner-s statement that a glass- 
ccramic is electrically insulating. 

A definition for an -optoelectronic device" can be found in "telephony's Olctlonary, 
2"** Ed-*- (telephony Punlishing Company. Chicago, Illinois 1986). page 21*7 [copy 
enclosed] . 

QntoeleetTordc Device 

A device responsive to electromagnetic radiation < light) in the visible, 
infrared, or ultraviolet spectral regions, emits or modifies noncoherent or 
coherent electromagnetic radiation in these same regions, or utilizes such 
radiation for its internal operation. 
The optical fiber material., and method for making it. described in the present 
application might be viewed as a "device** since it fits the foregoing definition. The 
nanocryatal containing glass-ceramic fiber of the invention can be used, for example, as an 
amplifying material in optical communication. Other glass-ceramic materials have been 
shown to be suitable for such applications, For example, on page 3 of the present application 
applicants incorporate by reference the application titled -Transition-metal. Glass-Ceramic 
Gain Media", now XJ.S, Patent No. 6,297,179 (copy enclosed, Assigned to Coming 
Incorporated). This patent describes a glass-ceramic material suitable for use in optical 
amplifiers or laser oscillators. Applicants particularly refer the Examiner to column 1. lines 
48-36, and column 2. lines 4-13. In column 1 the patent refers to the use of certain glass 
ceramic materials as gain media, and particularly to their use in optical amplifiers and laser 
pumps. In column 2 the patent refers to an optoelectronic system: namely, a communications 
link including a transmitter, an optical fiber and a receiver. In this system an electrical signal 
is concerted b the transmitter into an optical signal that is carried by the optical fiber to a 
receiver where it is converted back to an electrical signal. The optical fiber of this system is 
an "optoelectronic" material because it utilizes electromagnetic radiation (light) in its 
operation as part of an optoelectronic system. 

Second, applicants submit that in view of the foregoing, and other XJS. patents issued 
on the applications described and incorporated on page 7 of the present application (now XJ.&, 
Patent Wo a. 6.303,527 [the "Transparent Glass-Ceramics Based On Alpha- and Beta- 
Willemite" patent] and 6.532.420 [the "Transparent t-ithium. Zinc Magnesium Ortho silicate 
Glass-Ceramics" patent] (both assigned to Corning Incorporated), applicants* use of the term 
-optoelectronic material** with reference to the fiber of tho present invention is a term known 
in the art. 
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Therefore, in view of the foregoing, applicants submit that the claimed nanocrystal 
containing material of the claimed invention can properly be called an "optoelectronic 
material*', 

B. 8112 Amendments to claims 

Applicants believe that none of the amendments made to the claims introduces new 
subject matter into the application. 

Applicants have clarified that claims 1 8-21 are cancelled, without prejudice. 
Applicants neglected to make this statement of cancellation in the prior Response and rectify 
this matter herein. 

Claim 1 has been amended to clearly indicate that the claimed glass ceramic material 
is suitable for optoelectronic applications. In addition, the claim has been amended to 
indicate that the selected dopant is in the precursor glass that is formed into a clad cane and, 
when heat treated, the doped precursor glass, or portion thereof so heat treated, is formed into 
a glass ceramic material suitable for optoelectronic applications. 

Claims 2 t 3, 4^ 5 and 8 have been placed in proper Markush form. In addition, claims 
2, 3, 4 and 5 have been amended to recite that the claimed selected dopants are metal ions 
(that is, M^) and not metals (that is, M°). 

With respect to the rejection on page 4„ third and fourth paragraphs of the Office 
Action, claims 3-5 are also believed to now be clarified because claim 1 has been amended to 
clearly state that the selected dopant is in the precursor glass. A proper antecedent basis for 
the metal ions set forth in claims 3-5 has also been provided by the amendments to claims 1 
and 2. 

Claim 12 has been amended by insertion of the word -temperature— after the word 
"crystallization". Claim 12 has also been amended by insertion of the s word "selected ** to 
now recite **. . .at least one selected optically active ion. , 

Regarding the rejection of claims 14-16, applicants believe that there is a proper 
antecedent basis for these claims. Applicants refer the examiner to the "wherein" clauses of 
claim 1 . 

THEREFORE, in view of the above amendments to the claims, applicants 
respectfully submit that it is proper for the Examiner to withdraw the § U 2, second paragraph, 
rejection of the claims. 
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3. Conclusion 

Based upon the above amendments, remarks, and papers of record, Applicant believes 
the pending claims of the above- captioned application are in allowable form and patentable 
over the prior art of record. Applicant respectfully requests reconsideration of the pending 
claims 1-6, 8, 9> and 1 1-17, and a prompt Notice of Allowance thereon. 

Applicant believes that no extension of time is necessary to make this Response 
timely. Should Applicant be in error, Applicant respectfully requests that the Office grant 
such time extension pursuant to 37 C.F.R. § 1.1 36(a) as necessary to make this Reply timely, 
and hereby authorizes the Office to charge any necessary fee or surcharge with respect to said 
time extension to the deposit account of the undersigned firm of attorneys, Deposit 
Account 03-3325, 

Please direct any questions or comments to Walter M. Douglas at 607-974-243 1 « In 
particular in order to facilitate prosecution of the application, applicants* attorney requests 
that the Examiner call him if there is any matter whose resolution can be handled by a 
telephone conference. 
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radio path between transmitting and receiving an- 
tennas, assuming normal refraction of the radio 
* wave in the Earth's atmosphere and first Freanel 
zone clearance over the intervening terrain. Defini- 
tion No. 2 is the usual meaning for an optica) or 
*Mine-of-sight path" for a radio link, 
optical path length In a medium of constant refractive 
index n, the product of the geometrical distance 
and the refractive index. If n is a function of posi- 
tion, then 

optical path length — Jnds, 
where di is an element of length along the path. 
This expression simplifies to n if the medium ban a 
constant refractive index, 
optical power Radiant power. 

optical receirer Device for converting optical signals 
into electrical signal*. 

optical repeater Jn an optical waveguide communica- 
tion system, un optoelectronic device which receives 
an input optical signal, converts it into an electrical 
signal, amplifies this signal (or, in the case of a dig- 
ital signal, reshapes, retimes or otherwise recon- 
structs it) and reconverts it into an optical signal 
for retransmission. 

optical spectrum Ah most commonly employed, the 
term refers to the portion or the electromagnetic 
spectrum within the wavelength region extending 
from the vacuum ultra violet at 40 nm to the far 
infrared at 1 mm. There is wmc vagueness of 
meaning because bandwidth limits have not been 
rigidly defined. 

optical switching The switching of visual or quasi- 
visual (e.g., infra red) signal?. Term sometimes 
used for wavelength division multiplexing. 

optical Thickness As applied to thin films, a measure- 
ment of the physical thickness times the refractive 
index. 

optical time-domain reflectomftter (OTDR) Instrument 
used to locate faults in an optical waveguide by 
sending out a short pulse then timing the arrival of 
bac Scattered signals originating at discontinuities 
in the fiber. 

optical transmit rer Device for converting electrical sig- 
nals into optical signals. 

optical waveguide Any structure capable of guiding op- 
tical power. In optica) communications, the term 
generally refers to a fiber designed to transmit opti- 
cal signals. Syns. HghtguUIc, optical conductor 
(deprecated), optical fiber waveguide, optical wave- 
guide fiber 

optical waregoide connector Component giving easy 
and rapid connection of two optical waveguides; in- 
sertion loss is normally higher than that uf a well- 
made' splice. 

Optical waveguide coupler 1 . A device designed to dis- 
tribute optical power among three or more ports. 2. 
A device designed to couple optical power between 
a waveguide and a source or detector. 

optical waveguide fiber Optical waveguide. 

optical waveguide spike A permanent joint designed to 
couple ondcul power between two waveguides. 



optically active material . A material with the ability to 
rotate the plane of polarization of light sent 
through it Such a material exhibits different re- 
fractive indices for left and right circular polariza- 
tions. 

optimize To adjust for best output or maximum re- 

SpOftSC. 

optimum traffic frequency (FOT) The highest frequen- 
cy thai is predicted to be available for skywave 
transmission over a particular path at a particular 
hour for 90% of the days of the month. 

optoelectronic device A device responsive to electro- 
magnetic radiatien (light) in the visible, infrared or 
ultraviolet spectral regions, emits or modifies non- 
coherent ot coherent electromagnetic radiation in 
these same regions, or utilizes such radiation for its 
internal operation. 

OR gate A solid state device which gives a "I" output 
if any of its inputs are 11 1 

O/R name Descriptive name fur a user agent in a mes- 
sage handling system (originator/recipient). 

ORACLE Proprietary name for the IBA (British) 
teletext service. (Optional Reception of Announce- 
ments by Coded Line Electronics). 

orbit (I) The path, relative lo a specified frame of ref- 
erence, described by the center of mass of a satellite 
or other object in space subjected solely to natural 
forces, mainly gravitational attraction. (2) By ex- 
tension, the path described by the center of mass of 
an object in space subjected to natural forces and 
occasional low-energy corrective forces exerted by a 
propulsive device in order to achieve and maintain a 
desired path. 

orbit, equatorial Orbit parallel lo a plane through the 
earth's oquatOf. 

orbit, pdlar satellite Orbit in plane running north and 
south: a satellite in a polar orbit is continually 
changing its position over the earth. 

orbit, subsyncnrooQufl satellite A satellite orbit which 
is at a lower altitude than the 35,880 km required 
for a synchronous equatorial orbit. 

orbit, syqcbruuottS The path followed by a communica- 
tion satellite which is at such a distance ubovc the 
Earth (about 35,880 km) that the satellite keeps 
pace with the earth's rotation, and thus hovers 
above a particular point on the earth, 

orbital demento Of a satellite, the parameters by 
which the shape, dimensions and position of the 
orbit of a body in space can be defined in relation 
to a specified frame of reference. 

orbltnl plane Of a satellite, the plane containing the 
center of mass of the primary body and the velocity 
vector of a satellite, the frame of reference being 
that specified for defining the orbital elements. 

order The information sent by the originating operator 
to the distant operator indicating what trunk or sta- 
tion line she wishes to be connected to. 

order, circuit Formal instruction to rearrange or pro- 
vide loll circuits. 
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(57) ABSTRACT 

A gaio medium for use tn optica] amplifiers ot laser oscil- 
lators is disclosed. 1 ne gain medium includes a transition- 
uieral duped glass-ceramic material having a crystal ph»se 
tod a glaas phase. Th& crystal phase is formed in aim in the 
glass pba$c, with the transition metal ions pre reread ally 
partitioning into the crystals from the glass phase. The 
crystals 50 formed have a size of less than 50 nm, and the 
transition metal ions within ibem arc capable of Using at a 
wavelength within the range of about 900 to 3000 nm. Also 
disclosed are amplifier and laser ossein* tor ooufigumtiuns, 
where the glass-ceramic gam medium is applied in a variety 
of configurations. Also disclosed is a method of amplifying 
a signal of light wherein the glass-ceramic gain medium is 
pumped with light energy so as to excite the transition metal 
ion 5, and the signal of light is transmitted through the gain 
medium while the transition mem I ions are excited, whereby 
the signal of light i& amplified, ALso disclosed is a method of 
producing laser oscillation wherein the glass-ceramic gain 
medium is included in a laser Cavity, pumped with optical 
energy to exeile the transition metal iuns, and the resulting 
radiation is forced to oscillate by the use of reflecting 
surfaces for feedback. 

43 Claims, 3 Drawing Sheets 
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TRANSITION- METAL, GLASS-CERAMIC 
GAIN MEDIA 

CROSS-REFERENCE TO RELATED 

APPLICATIONS s 

An application entitled GLASS-CERAMICS BASED ON 
ALPHA-AND OETA-WILLEMITE, filed as a U.S. Provi- 
sional Application Serial No. G0/1G0,138, on Oct. J 8, 1 9Q0, 
in the came of Linda R. Pinclmcy, and assigned tt> the same 
assignee as this application, is directed to a substantially 10 
transparent, alpha- and beta-willcmitc gUss-cc runic which 
may be doped with traositioo-meuls to impart optical activ- 
ity thereto. 

An application entitled TRANSPARENT (LITHIUM, 1( = 
ZINC, MAGNESIUM) ORTHOSILICATE GLASS* 
CERAMICS, filed as a U.S. Provisional Application Serial 
No. ftO/l 59,967, on Oct. 18, 1W, in the name* of George 
H. Beall add Linda R. Pinckney, and assigned to the same 
assignee as this application, is directed to it aositiou-mctal- 20 

doped, glass-ceramic materials thai exhibit properties that 
make them suitable as gain media in optical amplifiers 
and/or laser pumps. 

Ad application entitled GLASS- CERAMIC FIBKk AND 
METHOD, filed as United State* Provisional Application 25 
Serial No. 60/160.052 on Oct. Itt, 1999 to the names of 
George H. Heall, Linda R. Pinckney, William Vbckroth and 
Ji Wans and assigned to the same assignee as this 
application, is directed to glass-ceramic materials containing 
aanocrysial* and being doped with a transition metal, and to jo 
a method of producing such ^t0-cenrnic& in the form of 
optical fibers. 

An application entitled TRANSPARENT AND TRANS- 
LUCENT tORSTERlTE GLA$S-CERAMrCS, Hied as 
U.S. Provisiona I Application Serial No. 60/160,04)3 filed on 35 
Oct. 18, 1909, in the names of George II. Beall, and of VS. 
Supplemental Provisional Application Serial No. 60/174, 
012 having the same title and filed Dec. 30,1 9°P by Geonzc 
H. Ucall. & 

ilic present application, claims the benefit of US Provi- 40 
sional Application Serial No. 60/160,053 fijed on Oct. ik 
1999, entitled TRANSmON-METAI. GT ASS-CERAMIC 
GAIN MEDIA, in the names of George H. Beall, Nicholas 
F. BorreUt, Eric X Mozdy and Linda R Pinckney. 
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The present invention relates generally to glass-ceramic 
materials as gain media and, more particularly, to glass 
ceramic materials that contain transition metal dopant so 
throughout and that exhibit properties making thein suitable " 

as gain media for use in optical amplifiers and/or laser 
pumps. The term "gain media" as uAed herein refers to an 
optical component which produces optical fluorescence and 
is capable of amplifying ao optical signal in the same ^ 
wavelength range as the optical fluorescence. 

BACKGROUND OF THE INVENTION 
Over the past few decades, fiber optic systems have 

become the standard for long-distance communication. Thift 60 

preponderance stems from several advantages of optical 
links over the more traditional, metallic-based counterparts. 
These include lower loss, higher information capacity, low 
c«* per channel, immunity to crosstalk and eleclricu! 
interference, and a smaller physical mass. Currently, optical 6S 
fiber systems carry hundreds of terabits per second over 

distances >1000 km. Even though this is orders of mai*isi- 



rude beyond the capability of metallic Links the demand* of 
global communication are driving the system capacity to 
double every year. 

A single-channel, fiber optic communication link neces- 
sarily include* a transmitter, optical fiber, and receiver. The 
transmitter converts electrical information to an optical 
signal by means of a modulated optical source, such as a 
laser. The laser can be directly modulated, or the information 
can be imparted to the continuous output of the laser hy an 
externa] modulator, Light from the transmitter is then sent 
along the optical fiber to be ultimately detected by the 
receiver, a semiconductor which converts the optical signal 
back 10 the Origin 9 ) electronic one. 

Where ihe distant* of communication is great, amplifiers 
must be included it some point in the link to strengthen the 
signal. In the early days of optical fiber communication, this 
required prematurely convening the signal to an electrical 
one, electrically amplifying the information, then retrans- 
mitting the amplified signal airing the fiber. Id order to 
achieve trans-continental distances, many such costly elec- 
trical amplifications were required. Moreover, because of 
the incessant demand for bandwidth, the single-channel 
links were forced to higher and higher bit rates. This 
basically involved modulating the optical signal more rap- 
idly. 

With the invention of the erbium-doped fiber amplifier 
(EOKA), the nature of the Optical fiber link drastically 
changed. First, amplification could be performed optically, 
independent of data transmission format and without the 
need for signal conversion. Another important consequence 
of EDFAs was the possibility nf equal link gain for a 
significant range of optical transmission wavelengths. 

This invention has caused wavelength-division multiplex- 
ing (WDM) to become the prevalent transmission format 
around the globe. This format is conceptually equivalent to 
the use of several single -channel transmitters and receivers 
at various wavelengths on a single optical fiber link. In tbi* 
manner, the capacity of the link is only limited by the total 
optical bandwidth of the amplifier (or the fiber, were the 
amplifier improved), and the minimum optical bandwidth 
separating, adjacent channels. 

Unfortunately, today's conamunications demands have 
strained even current high-capacity WDM links, and 
research is currently aimed at increasing the bandwidth of 
the EDFA. Typical EDFAs have approximately 32 run of 
conventional bandwidth (1530-15G2 nm), and a recent 
result ol research is the long-band amplifier, from 
-1570-1610 diB- Beyond this improvement, however, liide 
may be achieved due to the physics underlying the optical 
transitions of the Er*° dopant. As a result, new materials will 
be required to move to shorter ranges, such as 1500 nm and 
betow. Other rare-earth dopants, including holmium and 
praseodymium, have been investigated for use as optical 
amplifiers, but their success in providing gain over a large 
bandwidth has been limited. 

One possibility for an optical amplifier which provides 
gain over a large bandwidth is Raman amplification, since it 
could provide up to 300 oru of bandwidth. Raman 
amplification, however, generally requires large pump pow- 
ers (>1W for a fiber <100 m long), which poses a challenge 
in telecommunications systems. 

Transition metals have long been used as Optically active 
dopants in crystalline bosis because they Auoresce in the 
near infrared (1000-1500 nm) region, while exhibiting a 
correspondingly large bandwidth. For example, Cr^doped 
crystals that are capable of lasing near 1.3 /an arc disclosed 
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in U.S. Pat. No. 4,987,575 to Alfano ct a), Aaothcr example 
is liuniuno-dopcd sapphire <Ti: Al^O,), which provides opti- 
cal gain in the range of about 6&-11Q0 am. 

Given the useful wavelength range and bandwidth or 
many transitions metal dnpants, their application to telecom- 
munications is straigh tforward. Since the primary telecom- 
munications medium is gjass-ba-scd optica) fiber bowever, 
the crystallmc~hnsl transition metal technology of U.S. Pet 
No. 4,987,575 is not suited Cor this application. While a 
natural extension would be the inclusion of transition metal 
dopants into glasses, their performance (particularly their 
efficiency) has unfortunately been found to degrade in 
amorphous busts, where the crystal field strength is much 
smaller than single-crystal host*. 

Another approach has been considered by Alfa no et al. in 
U.S. Pat. No. 5/717.5J7 whereby the laser-active CV* (or 
V* 3 )-dope<J crystal is manufactured as a plurality of 
particles to be dispersed in a M non-gaseou»" medium. In this 
manner,, the dopants remain laser- active within a cryKiailinc 
host while the larger, surrounding medium is compatible 
with fiber optic technology. In order to minimis the optical 
losses Crom such a composite medium, both the particles and 
their index difference from the surrounding medium must he 
small. These requinsmenu; were recognized in U.$. Pat, No. 
5,717,517, and the particle size was therefore stipulated to 
be between 0.05 and 500 ^m, while the index mismatch was 
specified to be lower than 0.1. 

While this concept of dispersing crystalline particles in an 
amorphous medium i*> valid, this technology has several 
severe drawback*, primary of which is the manufacture of 
the microscopic particles, Certainly the Jkws decreases with 
particle size, and the smallest particles (0.05 inn) arc there- 
fore desirable. Grinding of material generally has difficulty 
producing particles smaller than 1 pm and even the sol-gel 
method of producing Ibrstcriie bas trouble attaining particles 
smaller than this size. While some techniques have attained 
panicles on the 0,5 /um scale, another order of magnitude 
bQialler seems optimistic at best. 

Even allowing for the smallest particle size of 0,05 /an, a 
simple analysis of the scattering losses reveals another major 
shortcoming of this technique. Rayleigh scattering from 
randomly distributed particles can be calculated by 

Here scattered power is expressed a* a ratio of the input 
power, and *. represent* the light wavelength, V the volume 
of the scattering particles, N the number of scattering 
particles, and m the ratio of particle index to Grounding 
medium index (i.e., the index mismatch ratio). With 0.05 ?m 
particles of Ct* 4 -doped forstcritc making up 2S% of the 
overall medium far example, the loss using the above 
equation is >),0 dB/m ai a wavelength of for indc* 

differences greater than 0.0OOS. 

Moreover* since all olivines, including, forsterile, are 
bircfringem (meaning different axus of the crystal have 
different indices of refraction), such crystals can never be 
index-matched in all directions. In the case of forsterite, the 
index mismatch can therefore bo 0.03, resulting in losses 
higher than 300 dB/m. Using the published optical constants 
for forsterite, the maximum achievable gain (complete 
population inversion) foi a material with 25% crystalline 
particles would be only about 240 d0/m. This demonstrates 
that gain would not cveu be possible using forsterite sod the 
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technique of U.S, Pat. No. 5.717317. The term tl dB" as used 
herein is the standard optical definition as JOxlog LO (P„/ 

Tb ovcrccrme the shortcomings of the afore mentioned 

5 materials and techniques, this invention describes a new 
class of materials, comprising a transition- metal doped glass 
in which extremely small crystals arc internally nucleated. 
The process of internal nuclearioo forms a material called a 
glass-ceramic, where the crystals are less than 50 am in size, 

J!) uniformly distributed throughout the glass. The crystals are 
formed from constituent materials of the original glass melt, 
not by introducing new material as disclosed In U-S. PaL No- 
5,717,517. Moreover, the transition metal dopant* are intro- 
duced into the entire medium, not just the crystals. The 

15 process of ceramming simply activate* some of the omni- 
present teansition-mtttal dopant by funning a local crystal 
site into which the dopant is incorporated. 

This doped, glass-ceramic material offers several advan- 
tages over the other, previously mentioned, transitkm-taeul 
doped hosts, For example, because the crystalline phase 
within the bi phasic glass-ceramic material is formed through 
controlled nut-lea lion of lav ba«s gluss, the crystalline phas« 
has a smaller size and more uniform distribution than that 
obtained wiih other external preparation techniques. This 

45 minimizes light scattering loss (<50 dB/m for index mis- 
matches up to 0.01, according to the above equation). 

Another object of the invention is to provide a uniformly 
transition -metal*doped r glass-ceramic gain medium com- 

^ prising intern a lly-nucl cited crystals within the amorphous 
glass matrix, where the crystals have a .size of less than 50 
um. The transition metal dopant is introduced into the entire 
constituent glass, and may he present in both phases of the 
glafas-ccramic medium. It is active only within the crystal 

lS sites, and is capable of providing gain at wavelengths within 
ifie range of about 900 to 3000 nm. 

It is an object of the invention to provide transition metal 
doped, glass-ceramic gain media that exhibit properties thai 
make them useful as optical amplifiers or laser oscillators. 

40 Another object of the inveotion is to provide glass- 
ceramic gain media that can provide optical gain across a 
wavelength range of 900-3000 nm. 

A further object of the invention, is u> provide glass- 
ceramic gain media in the form of optical fiber, planar 

45 waveguide structures, bulk gain rnedU, or any other 
elongated-core geometry. 

A further object of the invention is to provide glass- 
ceramic gain mcdi^ in the core of the optical fiber, planar 
waveguide structure, or bulk gam media. 

5(1 A further object of the invention is to provide glaAs* 
ceramic gain media in the cladding of the optical fiber or 
planar waveguide structures, 
A further object of the invention is to provide glass- 

S5 ceramic gain media that require lower amounts of pump 
power tlian Raman amplification to produce a similar 
amount of gain. 

A further object of the invention v% to provide glass- 
ceramic gain media that have passive losses (i.e.. scattering 
and parasitic absorption) lower than 200 dB/m, and smaller 
than Lh« maximum achievable gain of the particular transi- 
tion metal dopant within the crystalline sites, 

A further object of the invention is to provide gla&«- 
cexamic gain media that amplify cither continuous-wave 
$5 (CW) or pulsed signal light. 

A further object of the invention is to provide glass- 
cernmic laser gain media that produce cither continuous- 
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wave (CW) or pulsed (rnodclockcd, Q-s witched, or any prised of internally-nucleated, uniformly -spaced crystals in 

combination therein) optical output radiation when config- a matrix of glass. The glass -c trim it; materials arc Formed by 

ured as a laser oscillator. the controlled auclcarion and crystallization of precursor 

Another object of the invention is to provide u uniformly gla5»fes by means of suitable beat treatments tailored to tbc 
trawition-ractal-dopcd. glass-ceramic gairj medium com- s specific precursor glass. In general, the method of making 

prising internally-nucleated crystalline sites within the gra-«*»»w materials comprises ihe steps of melting 

amorphous glass nulrix, where tbe crystalline Bites have a thc P*"*™* «mpoaents, cooling the melt to a 

sisc of lew than 50 am. Thc transition meut dopant is ^"LT *■ T ^ ^ UansCD ^ aUo f ™Z C of / btS 
intr^Aixs.+A iu- , . ^ , . melt, while simultaneously forming the melt into a glass 

P ^ £ *>lh phases of the elass^eramic moddim.il « « b(xJ J fa *, Qlrt>JIc<| mann ? T to a temperature^^ the 
aduvc only withm tbe crystalhne site, and * capable of ^fc^o,, ranfiC af lbc gi^ to m sltU( 

P^nggam atwaveleng tfas wUhui the range of abou i900 (he iTeKpJd to a tw^W heat 

Dm ' treatment; a rjuclcarion stage where thc glass It heated to a 

SUMMARY OF THfe INVENTION lS temperature within, or just above, thc transformation range 

Tbe invention resides in part in a gain medium in an for 4 ^^nt time to promote nucleation, followed by a 
optical ampHner or a laser oscillator that comprises a ^ rowth iU8 S 0 wtwrc th * temperature is raised to levels 
transition-metal doped glass-ceramic material with a passive approaching or even exceeding the softening point of thc 
loss less than 200 dR/m. comprising a crystal phase and a f 1 *** * caus f ^ Sr QWth of crystals on tbc previously 
glass phase, thc crystal phase being formed in tsitu in thc 2a formed nvc1 **- 

glasi* phase and having a size of teas than 50 nm, within Thc cryMals formed through internal nucleation are less 
which the transition metal dopants arc capable of lasing at a ,D4li s0 n£rt( and Preferably as low as iO-30 nm, in size, 
wavelength within the range of about 900 to l^OO nm. resulting in optically transparent* glass-ccramic materials. 

The invention further resides in an optical signal device Moreover, the internally nucleated crystals have a very 
comprising a gain medium having an elongated core, a 25 ™ WV/ P Brtl cle size distribution and a highly uniform dis- 
cladding axially surnmnding the elongated core and having perswo throughout the glass phase. 

a lower refractive index than the core, thc cure, the cladding, Consequently, the transition mctdls within the crystals in 

or both comprising a transition metal doped, glass-ceramic ^ glass-ceramic material arc optically active. In general, 
material with a passive loss less than 200 dWra, having a c *ysul l *>at promotes the incorporation Of an optically 

crystal phase formed, and uniformly dispersed, within a 30 a $*ive transition metal within tbe Crystal structure is con- 
glass phase, the crystal having a siite loss than St) nm, the tcmplatcd for u*c as thc crystal phase of thc glasA-veramic 
device further comprising means for pumping (be transition material, Preferred crystals for the crystal phase include 
doped glass-ceramic material to e*cite the transition metal forsterite (Mgg 5>i0 4 )» monficeilite (OiMgSi0 4 ), alpha and,' 
ions. ° r beto-willemile (ZngSiOJ, YAG (yttrium aluminum 

The invention also resides in a method of generating a 3* S* ract ' YsAlsO,^) lifhium-gcrmanate crystals, lithium- 
signal of light by laser radiation, or amplifying ibe generated magnesium orthosilicateK, and tiihram-fcinc ortbosiricatcs. 
signal of light, comprising tbc steps of: 71,6 precursor glass compositions arc tailored such that 

(a) providing a gain medium having an elongated core and thc f raiteitJ °n racial preferentially partitions into thc crystal* 
a cladding axially surrounding the elongated core, the dufin S nvcleation, as opposed to remaining in the glass 
material of tbe cladding having a lower refractive indejt «o P h **«- Copending applications entitled "Transition Metal 
than tbc material of the core, ciihcr tbc elongated core, Glass-Ceramics" by George H. Beat! et al., "Transparent 
the Cladding, Or both being a glass-ceramic material Glass-Osramicar Based on Alpha and BeU-Willerrjile M by 
duped with a transirion-metal, the doped, ftlas^ccrainic Lmda U ' ^'<wknoy» "Transparent Forsterite GlasA-Ceraraics" 
material having a passive loss less than 200 dB/m and ^ George H. BcalU "Transparent T,ithium Zinc Mag- 
having a crystal phase and a glass pha*e, the crystal *> n « iam Grtbosilioate <Slass<Ieramics M by Gextrgc IS. Beall 
phase being formed in sim within the glass phase, being and , R - Kn«k«y t all of wbicb arc assigned to tbe 
uniformly dispersed therein, the crystals having a size P'wmk assignee, explain in further detail Hie cornposiiKins 
less than 50 nm, and at iuast a portion of the transition and method5 of tuaking traositioo metal doped glass-ceramic 
metAl dopant being incorporated in thc crystals wiibin mauirials that arc useful as the gain media of the present 
which thc transition metal dopant is capable of lasinn at » invention. Those disclosures are heroin incorporated by 
thc desired ligbt signal wavelength, and reference in ihcir entirety. 

<b) pumping the glasft-ceramie material of thc core, tbc ^ "P^* 11 * active, transition metal dopants that are 

cladding, or both ho as to excite the transition metal contemplated Tor uae in tbe glass-ceramic gain media are 
ions. those transition metals which, wben within a crystal host, arc 

nn ,r... . ^ 55 capable of providing gain or lasing at a wavelength in the 

BRIE* DESCRIPTION OF THE DRAWINGS ^ 0 f ak.nl 900 % about 3000 nm. I'refcr.Wy, Ihe 

FIG 1 illustrates the absorption and emission spectra for optically active transition metal is selected tVocn tbe group 
forsterite glasA-vcramics doped with Cr* T ; consisting of V v , Cr^, Cr**. Co 3 *, Fc s *, Np M and 71^ 

FIG, 2 illustrates the absorption and emission spectra for transition metal ioas. Particrtlarly useful glass ceramic 
wiltemtte tulass-glasR-ccramics doped with Or'"; «0 materials, exhibiting properties that render tbvm potentially 

FIG. 3 illustrates the absorption and emission spectra for suitable for use as gain media in optical amplifiers, include 
lilhinm-germanate glass-ceramics doped with Cr*^. those where ihe crystals are comprised of forsterite, 

nrj^nifyriA., ^ ™„ . moot tcciliic, a nd wilicmjitc» wiUi C("~ as thc optically active 

OLSCRirUON OF TOE PREhERREl> (on. Aiternariveiy, thc crystals can be iitbium-germanate acid 

LM HOU1M tiN 1^ & Cr*~ can be the optically active ion. 

Tbe glass-ceramic material* used as the gain media of thc 'Ibe transition metal doped glass-ceramic materials can he 
present invention arc essentially multiphasic solids com- used as the gain media in a variety of elongaterf-core 



Received from < 6079742407 > at 7/7/03 340:45 PM (Eastern DayBght Time] 



FILE No.582 07.07 '03 14 = 18 ^CQRNI* PATENT DEPT FAX : 6079742407 1Q 



US 6,2! 

7 

applications. One useful and attractive formal for such 
materials is in the farm of an optical fiber in optical 
amplifiers sod fiber lasers. Other formats include planar 
waveguides and bulk gain media, also fur use in optical 
amplifiers and laser oscillators. 

The bulk gain media form* I comprises ap elongated 
sard pic of transition-met »1 doped glass-ceramic having a 
cros&^usctiona] are* larger than lxlrt* J * meter 3 and a length 
of 1-1000 ram. 

The optical fiber and planar waveguide formats comprise 
an elongated core and a compatible covering or cladding of 
relatively lower index than the core that anally surrounds 
the core. The length of the structure and tbo diameter of its 
core and cladding will vary depending upon (be application. 
Suitable lengths can range from about 1 cm to about 100 m, 
while suitable diameter* for the core can range from about 
1 /mi to about 100 /mi- 

The optical fiber and planar waveguide formats subse- 
quently have several variation* in gain composition. In one 
variation, the elongated core is comprised of the transition- 
metal doped glass-ceramic, with the cladding comprised of 
a lower-index glass or gloss- ue ramie. Another format com- 
prises placing the transition-metal doped glass-ceramic in 
the cladding of the optical fiber, leaving the core undoped. 
This latter scheme can take advantage of ihc cladding- 
pumping technique, shown in many cases to provide optimal 
output powers. The larger cladding can ha better matched to 
the large -a re a output of many commercial, high-output 
power pump lasers. A third format comprises transition- 
metal doped glass-ceramic in both tbe core and cladding, 
where the index difference between the two regions is still 
sufficient to act as a waveguide. 

The optical fiber may be formed , for example, by drawing 
a precursor glass core, that is clad with a compatible glass 
material, until the desired shape of the fiber is obtained. 
Then die precursor gla«t core and cladding are subjected to 
a thermal treatment procedure tailored to tbe specific glass 
compositions to form the desired crystals within the mate- 
rials. Planar waveguides may be fabricated through 
deposition, etching, or radiation -writing techniques, produc- 
ing a planar core and cladding structure. The structure is then 
subjected to a heat treatment procedure to produce the 
desired crystals within the desired materials. The heal treat- 
ments comprise thermal treatment of the entire sample, or 
selective beating of specific parts of the structure by focused 
radiation. 

The elongated core Rlrticmres, and their variations 
described above, an? advantageously used as the gain media 
in either optical amplifiers or laser oscillators. These two 
applications are described below. 

'Ihc optical amplifier comprises the elongated core glass- 
ceramic gain medium and a means for pumping the crys- 
talline phase within the medium so as to excite the active 
transition-metal ions in the crystal sites, 'lift me a as for 
paimping typically comprises a light source which may be a 
semiconductor laser, a solid-state Uset, a gas laser, a dye 
User, or a flash lamp which emits radiation at a wavelength 
within the absorption region of thu tranfriuOQ-mutal dopants. 

jTie amp Uftcr further comprises some means for coupling 
both the signal and pump light onto the elongated core 
structure, cither bulk optics or other waveguide structures, 
such as couplers. The pump light propagates into the core or 
cladding, whichever is tbe preferred optically active part of 
the optical fiber. The light emitted by tbe iransirion-mctal 
ions passes through the fiber core and thereby provides gain 
to the signal propagating through the fiber, ihc signal light 
may be either pulsed iir continuous wavo (CW). 
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The laser oscillator comprises the gUsa-ocramic gain 
medium, a mean?; for pumping the crystalline pbase within 
the medium so as to cjruite tbe active trau&it ion-metal ions in 
the crystal sites, and a feedback mechanism for producing. 

5 laser oscillation. Tbe means for pumping typically com- 
prises a Kgbt source which may be a semiconductor laser, a 
solid ale laser, a gas laser, a dye laser, or a Dash lamp which 
emits radiation at a wavelength within the absorption region 
of the transition-metal dopants. The feedback mechanism 

10 comprises reflective surfaces which repeatedly rc -direct the 
optical radiation from the gain medium back through the 
gain medium, so as to induce laser oscillation. The laser 
cavity often also comprises focusing elements which com- 
prise lenses or Curved reflecting surfaces. Alternately, the 

is focusing elements can comprise the gain media itself,, which 
often acts as a thermal lens with significant pumping. The 
reflective *airf aces comprise bulk mirrors, which may be of 
varying reflectivities at the signal wavelength, simply 
reflecting enough of the light to keep the total gain Of the 

20 cavity higher than the total loss. Alternately, the reflecting 
surfaces comprise a cleaved or polished surface of tbe 
elongated core gain medium itfietf. Laser radiation (output) 
cxiu the laser cavity from any of the reflecting or focusing 
surfaces, wherever imperfect (< 100*56) reflection occurs, 

The lo*er oscillator is operated in a continuous-wave 
(CW) fashion, where the radiation emitted from the laser 
cavity is substantially constant with time. 

Alternately, the laser oscillator is operated in a mod- 
clocked configuration, where multiple longitudinal modes of 
the laser cavity arc phasc'lockcd and thereby produce an 
output of repetitive pulses, separated in time by the round - 
trip propagation time of tight through the laser ctvity. Such 
modclocking is achieved through several methods, including 
active and passive techniques. Active techniques comprise 
35 acousto-optic (AO) modulation, electro-optic modulation, 
and sync-pumping, while passive techniques comprise Kcrr- 
Icns modclocking (KLM), regenerative modclocking, 
co)Kding-pul$e modclocking, and additive 'pulse modelock- 

Alternately, the laser is operated in a Q -switched 
configuration, where the loss of the cavity is controlled such 
that energy from ihe pump is stored io the gab medium for 
some period of lime, then the amassed energy is released 
45 over a short interval of time. As a result, the laser produces 
high-energy output pulses, separated by the cycle time of the 
energy storage/release sequence. The 0-sWltching mecha- 
nism comprises saturable absorbing media, electro-optic 
modulators, acousto-optic modulators, and oscillating bulk 

W °l* ics ' 

Alternately, the laser in operated in any combination of the 
above formats: CW, nxide locked, and Q-swifchccL 

The erm'xAion spectra for examples of transition-metal 
duped glass-ceramic materials that generate fluorescence at 

ss the desirable wavelengths in the spectral region of approxi- 
mately 900 to 1700 nm are illustrated in I'IGS. 1-3. 

FIG. 1 shows the absorption and emission spectra of Cr**"*: 
forsterius glass-ceramic, and HG. 2 shows the absorption 
and cmiwiou spectra of Cr**: willcmiic. As dearly demon - 

an siratcd from the spectra, Cf*+: forstcrite emiLs ai wave- 
lengths ranging from about S>00 nm to about 1400 nna, with 
a peak emission at about 1 150, while Cf**: willomitc emits 
at wavelengths ranging from about 1100 Dm to about 1700 
nm. These emissions, encompass the conventional baud of 

65 1530-3560 nm and demonstrate broadband emission in the 
short baud (ic. below 1500 nm) wavelength range, From 
these spectra it is evident that glass-ceramic materials com- 
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prising Cr*+ dopant could oped tfac gain window from 
UCKV1700 am, corresponding to an ocdxr of magnitude 
increase in bandwidth over the current erbium technology. 
Cr**: willcmjUr, for example, could alone cover a wave- 
length range of 1200-1050 nm. Moreover, because the CrV 
absorption band stretches from about 800 lo about 11 SO am, 
an optical amplifier that incorporates tbc Cr*+ doped glass- 
ceramic material can be pumped with a variety of standard 
laser punipft, including the standard 980 am User diode, and 
a oeotfymium-duped fiber laser pump. In addition, because 
the absorption band for these materials overlaps most of the 
current high-power laser diode source emissions 
wavelengths, Cf*+ g)ass-cerutties could be used as new 
pump sources, convening standard laser diode output to 
other useful wavelengths. 

FIG, 3 illustrates the absorption and emission spectra for 
another glass-ceramic material — Cr fl * doped lithium - 
genua n ate. A3 the spectra show, these materials exhibit a 
broad umm&ion centered around 980 nm, which is eurn: miy 
the most popular erbium amplifier pomp wavelength. These 
materials could therefore be pumped with a cost-effective 
810 orn GaAs diode pump laser and function as a 980 nm 
fiber-based pump for an erbium amplifier, thereby providing 
a cost-e£Eecttvt: pump laser at the 980 am wavelength. 

While the invention has been described in connection 
with one or more preferred embodiments, it will be under- 
stood that ibc invention is not limited lo those embodiments. 
On the contrary, the invention includes all Alternativex, 
modifications, and equivalents as may be included witlun 
the spirit and the scope of the appended claims. 

'What is claimed is-' 

1. A gain medium for use in optical amplifiers or laser 
oscillators, comprising a transition-meul-doped glass- 
ceramic material with a passive lossless than 200 dB/m, said 
glass-ceramic material comprising a crystal phase and a 
glass phase, said crystal phase, with crystals having a size of 
less than about 50 nm. is formed in situ and uniformly 
distributed in said glass phase, and transition metal ions arc 
doped within said crystals and arc capable of lasing at a 
wavelength within a range of about 900 am to about J 700 
nm. 

2. The gain medium according to claim 1» wherein the 
passive loss is itss than about 20 dB/m, 

3. 'inc gain medium according to claim 1, wherein (he 
passive lass is less than about 2 d*Vm> 

4. The gain medium according to claim 1, wherein the 
crystals contain a transition metal ion selected from a group 
consisting of V 3 *, Cr 3 *, Cr^, Co**, Fe 3+ , Ni 2 *, and Ti 3 *. 

5. The gain medium according to claim 4, wherein the 
crystals contain Cr 4 * dopant. 

6. The gain medium according to claim 5, wherein the 
crystals doped with Or** belong to a group consisting of 
forsterile, roonticelliie,, wUienule, alu;rmaaitt, diopside, 
yttrium aluminum gamut (VAO), and mixed lithiurn-ziric- 
magnesium onhosilieates- 

7. The gain medium according to claim 4, wherein the 
crystals contain Cr** dopant. 

8. The gain medium according to claim 7, wherein the 
crystals arc Cr 3 * doped ]iihium*germanate. 

9. An optical signal device comprising: 

a) a gain medium having (1) an elongated core, (2) a 
cladding axially surrounding the elongated core and 
having a lower refractive index than the core, (3) 
wherein either said core* said cladding, or both com- 
prises a transition-mctal-dopcd glass-ceramic material 
with a passive loss less than 200 dB/m, having a crystal 
phase formed and uniformly dispersed within a glass 
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phase, crystals in said crystal phase having a size less 
than about 50 nm, and transition metals doped within 
said glass'ocrarnic material are capable of Using at the 
same wavelength as a signal of light; 
5 b) a means tor pumping said transirjcrtMueul-dopcd glass* 
cerarmc materia t to excite transition metal ions. 
10. The optical signal device according to claim 9, 
wherein the device Is an amplifier that amplifies a signal of 
light. 

10 11. The optical signal device according to claim 9, 
wherein the device is a laser oscillator that produces a signal 
of onbercDt radiation. 

12. The optical signal device according to claim 9. 
wherein the elongated core of the gain medium is formed of 
said transition -metal -doped glasfHceramic material. 

15 13. The optical signal device according to claim 9, 
wherein the cladding cm the elongated core of the gain 
medium is formed of said uansition- metal-doped glass- 
ceramic material. 

14. The optical signal device according to claim 9, 
20 wherein both the elongated core and the cladding of the gain 

medium are formed of said ffansition-mcUl-coped glass- 
ceramic material. 

15. The optical signal device according to claim 9, 
wherein said crystals are doped with transition oieiaj ions 

25 selected from a group consifiting of V**, Cr**, Cr 4 *, Co**, 
Fc^, Ni** and Tr**. 

16. The optical signal device according to claim 15, 
wherein said transition metal ion is C/**. 

17. The optical signal device according to claim 1$, 
.% wherein the crystals doped with Cr** belong to a group 

consisting of forsteritc, nwntioeltile, willemtle, akeimanitc, 
diopsidc, yttrium aluminum garnet (YAG), and mixed 
Hihium-zinc-magTTcxium onbo»ilicatc*. 

18- lite optical Kignal device according to Claim 15, 
is wherein the cry&taU contain Cr*" dopant. 

19. The optical signal device according to claim 18, 
wherein the crystals arc Cr** doped litnium-gcrmanate- 

20. Ihe amplifier according to claim 10, wherein the 
signal of light is u pulsed signal. 

40 21. The amplifier according to claim 10, wherein the 
signal of light is a continuous wave signal - 

22. 'Yhc amplifier according to claim 10, wherein the 
signal of light has * wavelength within a range of ahout 900 
nm to about 5000 cm. 

as 23. The amplifier according to claim 10, wherein tbe 
means for pumping emits in the absorption region of said 
transition metal ions and comprises a semiconductor laser, a 
solid-state laser, a gas laser, a dye laser, or a flaahlamp. 

24. IV laser oscillator according to claim U, whereto an 
50 output radiation is a continuous wave signal. 

25. The laser oscillator according to claim II, wherein an 
output radiation is a periodic serins of modclockcd pulses. 

26. The laseT oscillator according to claim U, wherein an 
output radiation jfs a periodic series of Q -switched pulses. 

55 27. 'lne laser oscillator according to claim 11, wherein an 
output radiation is a periodic series of modelocked, 
O-Switched pulses. 

28. The laser oscillator according to chum 11, wherein an 
output radiation has a wavelength within a range of about 

on 900 r»m to about 3000 nm. 

29. The laser oscillator according 10 claim U, wherein 
said means for pumping emits in the absorption region of 
said transition metal ions and comprises a semiconductor 
laser, a solid-state loser, a gas User, a dye laser, or a 

ts flashlamp. 

30. A method of generating a signal of light by laser 
radiariuo, said method comprises the steps of; (a) providing 
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a gain medium having so elongated cote and a cladding 
axklly surrounding said elongated cove, said cUddiog, hav- 
ing a lower cc tractive index than said core, said core, said 
cladding or both being made from & glass-ceramic material 
doped witb transition metal ions having a passive kiss less s 
than 200 dfl/m aod having a crystal phase and a glass phase, 
said crystal phot*}, with crystals having a size less lb an about 
50 nm, is formed in situ and uniformly dispersed within said 
gloss pn&fie, and at least a portion of said transition mewl 
ions are incorporated into said crystal* and arc capable of 10 
basing at a desired light signal wavelength, and (b) pumping 
*aid glass ecramic-materUl so an to excite said uansitiuu 
inctal iooii. 

31. The zreihud according to claim 30, further cumpiises 
amplifying a signal of light by transmitting said signal of is 
light through the glass-ceramic material while said transition 
metal ions are in an excited state. 

32. The method according to claim 30, further comprises 
creating a feedback for optical ruduiion on both sides of said 
gain medium, wherein said feedback is generated by a 20 
reflecting surface that redirects said radiation back and forth 
through said gain medium such that overall gain exceeds 
overall low, and providing focusing clemeouv 

33. The method according lo claim 30, wherein said 
crystals are doped with transition metal ions selected from a is 
group consisting of V**, Cr 3 *, Or 4 *, Co**, Fc 2 *, N» 3l \ and 
T1 3+ . 



34. 'lite method according to claim 30, wherein said signal 
of light is a pulsed signal. 

35. The method according to claim 30, wherein said signal 
of light is a continuous wave signal. 

36. The method according to claim 30, wherein said signal 
of light has a wavelength within a range of about 900 nm to 
about 3000 nm. 

37. The method according to claim 30, wherein said 
means for pumping emits in the absorption region of said 
transition metal ions and comprises a semiconductor laser, a 
solid-state laser, a gas laser, a dye laser, or a flashiamp. 

38. The method according to claim 30, wherein an output 
radiation is a periodic series of raodolockcd pulses, 

39. The method according to claim 30, wherein an output 
radiation is a periodic series of 0- switched pulses. 

40. The method according to claim 30, wherein an output 
radiation is a periodic series of modclocked, Q -switched 
pulses. 

41. The gain medium according to claim 1, wherein said 
crystals have a size of about 10 nm to about 30 Dm. 

42. The optical hignal device according to claim 9, 
wherein said crystals have a size of about 10 nm to about 30 

nm, 

43. The method according to claim 30, wherein said 
crystals have a size of about JO nm to about 30 nm. 



<60W42W>at7/?/(l33^45PMIE a $t e n,O a yli 



